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Abstract

Uncertainties in surface catalytic reaction rates in a CO2 plasma have led to overdesign of thermal protection systems, which has caused planetary entry vehicles for
the Martian atmosphere to be heavier than necessary. This, in turn, has decreased the
available payload of various missions. A better understanding of these reaction rates
will allow more precise development of thermal protection systems leading to safer and
more effective atmospheric entry vehicles. Near-wall measurements in a plasma facility using laser spectroscopic techniques with sub-millimeter spatial resolution provide
a method to determine surface-catalyzed reaction efficiencies over metallic surfaces.
The present work includes laser-induced fluorescence measurements of oxygen atoms
and carbon monoxide molecules in a predominantly CO2 plasma produced by inductive coupling. Measured catalytic recombination efficiency values suggest that
molecular oxygen recombination is the dominant surface-catalyzed reaction, while
carbon monoxide does not appear to react heavily near the surface. For a surface
temperature of 1100 K, O-atom and CO recombination coefficients over copper were
0.0490 ± 0.0088 and 0.0112 ± 0.0016 respectively and CO recombination over platinum was 0.0005 ± 0.0004. This implies that a super-catalytic boundary condition,
wherein all species recombine to form carbon dioxide, is overly-conservative.
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Chapter 1
Introduction

1.1

Overview/Motivation

Aero-thermodynamic heating is one of the most important considerations when
designing atmospheric entry vehicles and their corresponding Thermal Protection
System (TPS). The TPS makes up a large portion of the mass of the vehicle, thereby
making it a priority to minimize the weight of the TPS to allow a maximum payload
to be delivered. At sufficiently high speeds, a shock layer forms ahead of the vehicle where the quiescent equilibrium atmospheric gases dissociate into a mixture of
molecules and atoms. In the post shock region, if the pressure is sufficiently high and
the temperature is sufficiently low, recombination of these constituent components
may occur. Depending on the surface material of the entry vehicle and its catalycity,
further exothermic recombination can occur causing additional heating to the surface
of the vehicle. Design of Thermal Protection Systems for Mars entry normally takes
a conservative approach when calculating the expected thermal load the vehicle will
encounter [8–10]. This is due to a particular uncertainty in the surface catalyzed
1

recombination reactions in a predominantly CO2 plasma [1]. A better understanding
of these reactions will allow for development of reduced TPS mass penalty and more
mass budget for fuel and scientific or human payload.
The Martian atmosphere is made up of approximately 95% CO2 , 2.6% N2 , 1.9%
Ar, and trace amounts of O2 and CO. Equilibrium conditions, calculated using CEA
[11] and shown in Figure 1.2 , show the evolution of the Martian atmosphere as
dissociation and ionization of the constituent components occur throughout a post
shock temperature range. The mixture begins with a majority CO2 and some N2
and as temperature rises from shock heating these components dissociate into other
components. The dissociation and ionization occurs at differing temperatures based
on the strength of the bonds of the molecules. This dissociation and heating occurs
because of the bow shock that forms ahead of the vehicle. In the post bow shock
region, the gas begins to relax towards equilibrium and cool slightly. Some gas-phase
recombination of the components may occur. Directly ahead of the vehicle a boundary
layer forms, where there is a strong temperature gradient with decreasing temperature
towards the surface. Gas-phase recombination can occur in the boundary layer as well
but many of the atoms or molecules may reach the surface before this reaction due to
the short residence time. Upon reaching the vehicle surface recombination may occur
but not necessarily to the original atmospheric components, as shown in Figure 1.1.
The rate at which the surface recombination occurs depends on the catalycity of the
material of the surface.

2

Figure 1.1: Catalytic recombination diagram

There are three cases when discussing catalycity. The first is super-catalytic. This
is when all the available chemical energy from shock heating and kinetic energy in
the boundary layer is deposited on the surface to pre-shock atmospheric conditions.
The fully-catalytic case recombines to equilibrium at the surface. The non-catalytic
case produces low heating rates and minimal recombination on the surface. When
making conservative design choices, typically a super or fully-catalytic model is used.
Even a fully-catalytic model can produce twice the heat flux as a non-catalytic model
at hypersonic speeds [12]. When using these higher catalytic cases, heat shields are
designed to be heavier and more robust than likely necessary, diminishing the available
payload for the mission, which is contemporary practice.

3

(a)

(b)

Figure 1.2: Mars Equilibrium Chemistry at 160 Torr. a) Main components. b) Minor
components.

1.2
1.2.1

Past Work
Two-Photon Absorption Laser Induced
Fluorescence

Monochromatic lasers have been in use for decades, and spectroscopic techniques
for determining an assortment of measurements came quickly after these lasers were
introduced. In 1968, a spectroscopic technique known as laser induced fluorescence
(LIF) was developed by William Tango to detect atoms and molecules in the gas
phase [13]. Specifically, a 6328 Angstrom He-Ne laser was used to electronically
excite potassium molecules, and the fluorescence was subsequently observed.
Soon after this, other molecules and atoms were probed with increasingly advanced
lasers allowing for smaller linewidths and varying center wavelengths. In 1986, Bamford was able to detect Oxygen atoms using Two-Photon Absorption Laser Induced
Fluorescence (TALIF) with a Nd:YAG pumped dye laser [14]. This technique differs

4

from single photon LIF in that two separate photons are used to excite the atom or
molecule of interest into its excited state. Single photon LIF can be difficult as laser
systems in the range of single photon absorption for certain species can be extremely
expensive or non-existant. The fluorescence was used to measure the cross section of
the 3p3 P2,1,0 ← 2p3 P2 transition where absorption occurred at 226 nm and emission
was measured at 845 nm. This transition is specifically of interest as it is commonly
used in the UVM Inductively Coupled Plasma (ICP) Facility.
Even earlier than Bamford, Loge [15] and Aldén [16] were able to detect CO using
TALIF in 1983 and 1984 respectively. Here also, an Nd:YAG pumped dye laser was
used to excite CO to the B 1 Σ+ state with a 230 nm absorption. Detection of the
fluorescence in both cases was successful in the vibrational band, however a resolved
rotational spectrum was not yet able to be obtained due to the drawbacks of the
technology at the time.
By 1998, the rotational spectrum of CO was able to be measured by Di Rosa [17].
The 230 nm B-X (0,0) transition was used with high enough resolution to extract
absorptional cross sections. A model of the B-X (v’=0) absorption spectrum was also
developed by Di Rosa [18] with a Voigt line shape at 130 Torr and 295 K to compare
to measurements.
The UVM ICP Facility was able to run a CO2 plasma in 2011 where Dougherty [6]
measured spatially resolved temperature and number density measurements for oxygen atoms and CO molecules above catalytic and non-catalytic surfaces using TALIF.
The B-X(0,0) rotational spectrum of CO was used but with less than ideal resolution. Surface catalyzed recombination reaction probabilities were calculated. In 2014,
TALIF was used to characterize entry into the Martian atmosphere by Marynowski [4].

5

This work is different from the previous research because it used a CO2 plasma to create oxygen atom molecules, instead of using a flame or CO from a pressurized bottle.
The same excitation and emission scheme was used as with Bamford [14], described
earlier. Temperature and number density measurements were able to be made and
from this information the accuracy of CFD simulations used for Mars missions was
improved.
In 2019, the CO B-X transition was used in TALIF scans by Ruchkina [19] to
analyze a rate equation analysis model comparison. A CH4 air flame was used to
create uniform CO molecules, which were probed by nanosecond (ns), picosecond
(ps), and femtosecond (fs) lasers. The ns laser was able to show a partially resolved
rotational structure which matched well with a PGOPHER simulation. The fs laser
did not have the laser linewidth necessary to resolve the rotational structure and
could only resolve the vibrational structure.
As recently as 2020, Grimaldi [20] used a CO2 plasma for temperature and radiation measurements to be used for multi-planetary entry conditions. Specair results
were used for calibration of instrumentation and subsequent determination of measurements.
It is apparent that a combination of simulations, models, and flight-relevant experimental results are required to determine important characteristics needed in properly
studying the CO B-X(0,0) transition. For laser spectroscopy, this work will focus on
experimental data in simulated atmospheres. Measurements can be used to make
detailed analyses on the effectiveness of TPS materials for planetary re-entry.

6

1.2.2

Surface Catalysis

Chen [21] first developed a rate model and determined that surface catalysis was
an important parameter to consider. A catalysis model was soon developed for the
Mars Pathfinder Program by Mitcheltree [22] consisting of the following reactions:

O + (s) → Os

CO + (s) → COs

CO + Os → CO2

;

;

O + COs → CO2

(1.1)

In this model, it is assumed that recombination to CO2 is the predominant reaction
and that a super-catalytic condition takes place. It is already noted why a supercatalytic assumption is unfavorable, but it is also important that a substantial reaction
is neglected in this model. The atomic to molecular oxygen recombination reaction,
shown in Eq. 1.2, is neglected.

O + O → O2

(1.2)

Sepka used two photon laser induced fluorescence on quartz in a diffusion tube
side-arm reactor to probe O and CO to determine how dominant CO and oxygen
recombination are. The findings from this study were that the presence of CO in the
gas phase does not significantly affect the oxygen recombination reaction on quartz
and gas-phase CO concentration is not significantly altered by atomic oxygen [23].
Catalytic reaction efficiencies were not calculated in this work but these results suggest
that atomic to molecular oxygen recombination is the dominant reaction, contrary to

7

the Mitcheltree model and suggesting that a super-catalytic model for the formation
of CO2 is an unlikely case.
Further testing done in an inductive plasmatron by Kolesnikov held the view
that only homogeneous catalytic reactions, such as the O2 reaction, are possible in a
dissociated CO2 gas mixture [24].
The Mars Science Laboratory (MSL) Program launched in 2011 with an on-board
suite of instrumentation to develop entry descent and landing design. Studies needed
to be done to determine the design of the heat shield to be used on the mission.
MacLean [25, 26] utilized the LENS shock tunnel at CUBRC and Wright [27] utilized
the T5 shock tunnel at GALCIT to compare with numerical simulations of test cases,
shown in Figure 1.3 [1]. Here, NC and SC represent the non-catalytic and supercatalytic cases, respectively. This shot produced an enthalpy of 11.7 MJ/kg using
the MSL heat shield material. It was found that the heat fluxes of the facilities
only matched the numerical simulations if a super-catalytic condition was used. This
contradicts the previous findings by Sepka where it was determined that a supercatalytic model was unnecessary.
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Figure 1.3: Numerical simulations compared to heat flux test cases in the T5 shock tunnel [1].

Soon after these findings Marschall [28] found that oxygen molecule recombination
was partially catalytic and that the CO2 reaction was non-catalytic using a sidearm reactor on varying metallic samples. Room temperature O-atom recombination
coefficients over stainless steel 304, platinum, Constantan, and Chromel surfaces were
determined to be 0.016 ± 0.007, 0.0053 ± 0.0011, 0.046 ± 0.017, and 0.0068 ±
0.0013, respectively. This agrees with Sepka’s findings and disagrees with MacLean
and Wright. Gnoffo concluded that an assumption can be made that either the O2
reaction or the CO2 reaction can be used in the Martian atmosphere as long it is
fully-catalytic [29].
With these findings and the uncertainty between the two competing theories, the
conservative approach of a super-catalytic boundary condition was used in the design
of MSL as this was the safer approach and was at the time accepted as the normal [30].
A super-catalytic case would show the the mole-fraction of CO2 returning to its freestream value [30]. This would be indicated in relative number density by the depletion
of CO molecules. If relative number density follows the overall number density trend
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of the total flow, CO depletion must not be occurring and a super-catalytic CO2
recombination case cannot be assumed.
More recently, further testing for an extensive database of heating, pressure,
and flow-field measurements in high-enthalpy carbon-dioxide flows was performed at
CUBRC in the LENS-XX facility. Fully-catalytic and non-catalytic simulations were
used to bound the experimental data as it is noted that prior uncertainty in catalytic
recombination heating is high. The uncertainty in the prior results has culminated
in previous testing to be considered invalid. The bound between non-catalytic and
super-catalytic is imposed only on the homogeneous atomic recombination of O2 , and
all other reactions, such as Eq. 1.1, are considered to be non-catalytic. Results showed
that data was typically bounded between the fully-catalytic and non-catalytic simulations and best matched simulations when a catalytic efficiency of 0.01 was used [2,31],
shown in Figure 1.4. The surface temperature was 1745 K. It is of note that previous
testing from this facility, [25,26], found that only a super-catalytic model agreed with
experimental heat flux results. This shows a reversal and data seems to be trending towards a more accepted semi-catalytic boundary condition that agrees with the Sepka
and Marschall findings. Continuing to unravel these past contradictions will prove to
be useful to future Martian missions as TPS can be designed less conservatively and
allow for higher payloads.
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Figure 1.4: Catalytic simulations compared to LENS-XX testing data [2].

1.3

Objectives and Methods

The objective of this work is to first develop a method for probing CO temperature
and number densities and second to better understand surface catalyzed recombination reactions in a CO2 plasma on materials of varying catalycity, so as to further the
understanding of the reactions and reduce the uncertainty described above. The UVM
ICP Facility will be utilized to create the conditions necessary for this study. Probing
of oxygen atoms using two-photon absorption laser induced fluorescence (TALIF) is
an already proven method used in the lab, and a new approach to probing CO will
be developed that can be used in conjunction with oxygen atom measurements to
determine temperature and number density measurements. With these techniques
the recombination efficiency can be determined for both O2 and CO2 recombination.
With these reaction efficiencies over varying catalytic surfaces, another step is taken
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towards understanding these chemical reactions. A more accurate reaction model
will improve flight trajectory simulations and heating predictions, which will allow
development of TPS to be more accurate, lighter, and safer to the cargo or occupants
of the atmospheric entry vehicle.
The following sections present the UVM ICP Facility and the laser diagnostic
methods employed for testing. The theoretical approach follows with a discussion
on previous results and than current results of radial free stream temperature measurements and boundary layer surveys. A summary is given to conclude as well as
planned future work.
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Chapter 2
UVM Inductively Coupled Plasma
Facility

2.1

Overview

The University of Vermont houses a 30 kW ICP Facility which was designed for the
testing of advanced aerospace materials through means of replicating the conditions
experienced through atmospheric re-entry. The US more typically houses arc-heated
facilities for similar investigations. Arc-heaters produce contaminated flow because
the arc is attached to electrodes which produce molten copper that is entrained in the
flow. They also produce a flow that is further away from equilibrium. ICP facilities
match the heat flux experienced by the object as well as the physical environment
through plasma generation. The method by which the plasma generation occurs is
through an induced RF magnetic field created by a helical load coil. The load coil
surrounds a quartz tube which sits upon an injector-block assembly. This is shown
in Figure 2.1. The 30 kW power supply creates an induced magnetic field through
13

the RF coils. The magnetic field oscillates at a known frequency and couples with
the injected gas which dissociates and ionizes the present gases thereby creating a
plasma [3]. This provides a relatively contaminant free flow as there are no electrodes
in the flow. Because of this spectroscopic measurements are more suitable in an
ICP facility than an arc facility. A benefit of arc-heated facilities is that they can
cover a wide pressure range therefore making them able to cover a wide range of
flight-trajectories. ICP facilities are operated at or lower than atmospheric pressures.
The 30 kW power supply is a Lepel Model T-30-3-MC5-J-TL1 induction heating
generator that operates at a frequency between 2.5-5 MHz and is checked periodically
with a BNC loop acting as a noise antenna. Operation for this work is near 2.5 MHz.
It provides high output DC power which is converted to the RF field. The vacuum
chamber is made of stainless steel to avoid contaminants and is water cooled due to
the high heat that the plasma generates. It also has multiple ports which allow for
a variety of sample holders (known as probes) as well as viewing windows which are
used for spectroscopic measurements, laser diagnostics, temperature measurements,
etc.. A vacuum pump exhausts the gases in the chamber which are initially supplied
by high pressure tanks. Mass flow controllers restrict the flow from the high pressure
tanks and allow for a steady, known gas supply. These components are shown in
Figure 2.1 and 2.2.
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Figure 2.1: Gas Injection Schematic [3].

Figure 2.2: Schematic portraying the UVM ICP Torch Facility [3].

The facility is able to replicate a variety of different conditions with various gas
mixtures. An overview of the conditions which can be achieved in the facility are
shown in Table 2.1.
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Table 2.1: University of Vermont Inductively Coupled Plasma Torch Specifications.

The goal of the facility is to replicate the conditions experienced at hypersonic
speeds in various atmospheric conditions. This is done by using the Local Heat Transfer Simulation (LHTS) method, which entails matching boundary-layer edge velocity
gradient, enthalpy, and total pressure of a flight-trajectory for a given atmospheric
composition [32]. At hypersonic speeds, a detached bow shock will form in front of a
blunt body such as a re-entry vehicle, as shown in Figure 2.3. Behind the shock wave
along the stagnation line the flow is subsonic. The slowing of the flow and increase
in pressure causes a large increase in temperature behind the shock. CO2 begins
to dissociate at about 2400 K and most of the molecules are dissociated by 4000 K
according to a Gibbs free energy analysis [33], except for CO which does not fully
dissociate until closer to 7000 K, as shown in Figure 1.2.
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Figure 2.3: Comparison between in flight conditions and the UVM ICP facility [J. Meyers].

In the UVM ICP torch, the plasma exits the quartz tube vertically and moves
upwards in the chamber. As the plasma moves away from the exit, it slowly begins
to expand outwards and cool, evolving toward a local thermodynamic equilibrium
(LTE) state. Using mass flow controllers to limit the amount of gas that is injected
into the chamber, and a PID to control the pressure within the chamber, the plasma
flow remains laminar which is necessary to obtain reliable results. By the time the
plasma reaches the surface of a sample, it has cooled sufficiently to produce similar
conditions to those experienced by entry vehicles in the Martian atmosphere. A view
of a CO2 plasma with a water-cooled sample inserted into the flow on a probe is
shown in Figure 2.4.
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Figure 2.4: A CO2 plasma during a boundary layer survey with an inserted copper sample
in the plasma jet.

2.2

Sample Design and Material

The samples that are used in the UVM ICP facility have specific characteristics
for optimal performance in the jet flow. This includes their dimensions, features, and
method of insertion. A small boundary layer forms above the surface of the sample
just as on a flight vehicle. Measurements can be taken at this location to determine
the chemical reactions and the rates they are occurring. A sample can also be made of
various materials depending on what the needs are of a test. For this work, differing
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catalytic materials will be used.
Figure 2.5a shows a schematic of a typical cup sample used in the torch. The
cup sample geometry is typically used for metallic materials. The cup samples have
a common outer geometry with a body diameter of 0.984", a leading edge corner
radius of 0.125", and a depth of 0.688". One of the geometric features to note is the
flat face of the sample. A flat face allows for the assumption of a stagnation point
when compared to a real entry condition, more specifically illustrated in Figure 2.5b.
Figure 2.5a shows a cup geometry sample. The cup geometry is hollow within the
sample to allow for water cooling. There are three notches on the top which are used
to hold the sample in place on the end of the probe. A sleeve also has three notches,
so when the sample is inserted into the sleeve, a slight rotation seats the sample
within the sleeve. When the sleeve is threaded onto the probe with an o-ring, the
pressure exerted prevents any movement. The rounded edges at the bottom prevent
overheating at the edges, since the bottom of the sample is in direct contact with
the plasma flow. The edge at the top is sharp as opposed to round like the bottom.
The top of the sample is not directly in the flow so there is not a need to be as
cautious about the heating here. The outer diameter is typically the same diameter
as the holding apparatus and a sharp corner allows for a flush fit with the holding
apparatus.
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(a)

(b)

Figure 2.5: General schematics of a sample used in the UVM ICP facility. a) Dimensions
of cup sample geometry. b) Stagnation line.

The material of the samples can vary drastically according to the experiments
performed, but any material that can be machined to the above specifications and
can withstand high temperatures could be used. In some cases the entire sample is
made of one material but it is also possible to have multiple materials in one sample.
This can either be in the case of an insert that is made of a different material, or a
coating of some thickness that is laid onto the surface of the sample. Both of these
methods have different applications and uses.
The materials that will be used for this work are copper and platinum. The
copper is polished and considered to be a fully catalytic material. Platinum is more
likely to promote CO2 recombination and is catalytic like copper, so will be a good
comparison [12]. Copper and platinum samples are shown in Figure 2.6, respectively.
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(a)

(b)

Figure 2.6: a) Copper sample. b) Platinum Sample.

The platinum sample has some different characteristics from the typical samples
that are used in the UVM ICP Facility. Instead of being one type of material, it is a
copper sample which has a thin coating of platinum on the surface. The method by
which this coating was deposited was with sputter coating. This is a physical vapor
deposition process. It ejects material from a target (platinum) using ion or atom
bombardment and deposits the material on a substrate (copper sample). With this
method the thickness of the coating can be controlled and since it is deposited on the
atomic level the bond between the target and substrate is very strong.
A scanning electron microscope (SEM) was used to characterize the coating of
platinum on the sample to be used in this work. Images are shown in Figure 2.7.
It is apparent that the surface is uneven with scratches and gashes. Some of these
scratches are as deep as 1 micron. The sample that was used for the coating was
a previously used sample, therefore the surface already had defects. The platinum
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coating was 10-15 nm thick, so the deeper scratches were coated with platinum but
the coating was not thick enough to fill in the scratches completely.

(a)

(b)

(c)

(d)

Figure 2.7: Platinum sample SEM images [Splinter, S. C.]. a) SEM image showing
scratched/uneven surface. b) SEM backscattered detector displaying 3D image of surface,
with scratches up to 1 micron. c) SEM image with specified spectral areas. d) Detected
spectrum from spectrum 3 in image c).
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The method by which the samples are inserted into the jet is with a probe. One
of these probes is shown in Figure 2.4. The plasma jet facility has multiple probes
of different orientations that can be used, each of which has different characteristics
that are more useful to different types of tests. The probes are made of copper tubing
and machined brass and are water cooled. They are mounted to the chamber and
have the ability to either rotate in and out of the flow or be inserted directly into the
flow. They can also be moved vertically in the flow for more or less heating to the
sample.

2.3

Martian Velocity Mapping

NASA’s Chemical Equilibrium and Applications (CEA) program was used to obtain equilibrium product concentrations as well as equilibrium transport properties
and specific enthalpies from sets of reactants and determines thermodynamic properties for said product mixtures [11]. These mixtures can be those that make up
the components of planetary atmospheres or the gases that are introduced into the
vacuum chamber to produce the plasma in the torch chamber.
CEA gives the concentration of all species that may arise with given pressure and
temperature inputs. The pressure input is obtained from pressure transducers within
the chamber when calculating reactants in the facility.
CO2 was the main gas used for the experiments for this work. Argon was added
in varying degrees as a buffer gas to allow for better torch coupling. Argon is an
inert gas, therefore it will not cause undesired reactions in the flow that will alter the
chemistry of the CO2 or the recombination reactions. The ideal Argon/CO2 mixture
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will be discussed later.
An example of an input file used in CEA for this work is shown in Appendix
A, Figure 5.1. Included in the input file are the temperatures and pressures, the
reactants and their concentration in moles, and any output parameters desired. An
output file is also presented in Figure 5.2. The output file is large so only a portion
with useful information is shown. This information shows the given temperature and
pressure with corresponding output values such as thermodynamic properties and
mole fraction of each species produced in the plasma.
The ideal case, which essentially was the easiest to employ in the facility, was 21
slpm (0.686 g/s) of CO2 and 5 slpm (0.139 g/s) of Ar. The CEA analysis of this case
is shown in Figure 2.8, where the mole fraction ratio of each species is mapped with
varying temperature, and Figure 2.9, where enthalpy and specific heat ratio (γshr ) is
mapped with varying temperature as well. Different areas of typical temperatures are
shown, including the sample surface temperature of 1100 K, the boundary layer temperatures leading to the free stream temperatures, and the temperature of the plasma
ball in the induction zone of the RF coil. CO2 begins to decrease in concentration
at about 2000 K, reaching 0 at around 4000 K. CO and O2 begin to form around
2000 K, due to the dissociation of the CO2 molecule. CO levels off around 3500 K
before beginning to diminish around 5500 K. O2 increases to a maximum at 3000 K
but immediately begins to dissociate into O after 3000 K. O2 reaches 0 at 4000 K
where O also levels out, maintaining a fairly consistent concentration up to 5500 K
where it begins to increase as CO begins to dissociate. Enthalpy steadily increases
throughout the temperature range with a smaller gradient near the free stream temperature range. γshr is multiplied by an arbitrary constant so as to compare to the
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enthalpy change. There is a rise and subsequent decrease in γshr through the free
stream temperature range.

Figure 2.8: CEA analysis of UVM ICP conditions.

Figure 2.9: CEA analysis of UVM ICP conditions, enthalpy and γ.
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The most important point from this analysis is that CO and O will be at a high
concentration at the temperatures which are typically measured, especially in the
free stream. Also, the near surface area shows little oxygen atom and CO, so any
measured values of these species are likely due to surface catalysis.
The results from the CEA analysis also provide information to determine the
corresponding conditions of the UVM ICP Facility to Martian trajectory atmospheric
entry mapping.
There have been a number of missions to Mars all with different objectives and
payloads. They have used varying entry trajectories that best suited the vehicles.
Some NASA flight trajectories are shown in Figure 2.10. Vehicles begin entry at very
high speeds and are slowed by friction from the atmosphere. As discussed earlier,
this high speed entry creates a detached bow shock where the conditions behind the
bow shock are replicated by the UVM ICP Facility. Replication of the conditions is
achieved by matching the enthalpy that the vehicle encounters at the surface of the
heat shield.
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Figure 2.10: NASA flight trajectories of various Martian missions [NASA JPL].

Table 2.1 shows the conditions used for this work, and a determination of how
these conditions compare to Martian entry is useful. The CO2 bottle used in the
facility is assumed to be the Martian atmosphere, as both are a majority CO2 . There
are trace amounts of other gases in the Martian atmosphere as well as in the bottle
used for testing, but the concentration in the bottle of contaminants is much smaller.
The gas constituents, however, are similar.
The determination of the flight trajectory is dependant on the velocity and altitude
of the vehicle. To determine this, thermodynamic properties were taken from the
CEA analysis including pressure, temperature, enthalpy, and the specific heat ratio
(γshr ). Some constants such as the molecular gas constant and specific heat constant
were also needed. Atmospheric temperature and pressure conditions were determined
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using a model at varying altitudes [34]:

TM ars = −23.4 − 0.00222 ∗ z

PM ars = 0.699 ∗ exp [−0.00009 ∗ z]

(2.1)

where TM ars is the temperature at a specific altitude, PM ars is the pressure at a specific
altitude, and z is the altitude.
Compressible relations were than used to determine a range of Mach numbers and
atmospheric pressures from the CEA thermodynamic properties and the atmospheric
model. Since the UVM ICP Facility utilizes stagnation point heating, a normal shock
analysis is appropriate, as shown in Figure 2.11 where location 1 is upstream and
location 2 is downstream.
s

M1 =

2
(h2 − h1 )
γRT

(2.2)

2γ
P2
=1+
∗ (M12 − 1)
P1
γ+1

(2.3)

P2
P0
= 2
P1
P1

(2.4)
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Figure 2.11: Normal shock diagram [Queen’s University].

where M is the mach number, R is the universal gas constant, T is the temperature
of the atmosphere, h is the enthalpy from CEA, P2 /P1 is the pressure ratio across
the shock, and P02 is the facility pressure. This was done for each of the bounding
parameters in the facility. The array of altitudes used to determine the atmospheric
model range is plotted against the mach relation altitudes and the intersection point
is the velocity for the specific condition. This is shown in Figure 2.12

Figure 2.12: Velocity determination using CEA and mach relations.

The bounding points indicate the region that the facility is operating in, and is
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shown in Figure 2.13. The highlighted blue area represents these conditions. The
UVM ICP Facility is close to many past missions and therefore falls within an operating range of relevant Martian atmospheric entry trajectories.

(a)

(b)

Figure 2.13: UVM ICP Facility conditions compared to various Martian flight trajectories.
a) Compared to other research data [4]. b) Compared to NASA missions [NASA JPL].
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Chapter 3
Two-Photon Absorption Laser
Induced Fluorescence

3.1

Overview

Two-photon laser induced fluorescence is the main method used for determining
temperature and number density measurements. It is a spatially resolved, species
selective probe of atomic or molecular particles. TALIF can probe a specific excitation state of a species using a laser at a precise wavelength which corresponds
to the excitation of the species in question. The molecule or atom is excited and
spontaneously relaxes back down to a lower energy state. When it relaxes, it emits a
photon at a different precise wavelength. This is known as fluorescence. Using specific
narrow-bandwidth filters, this emission can be captured while blocking other parasitic
emitted wavelengths from the plasma jet. The emitted signal can be described using
Equation 3.1 for an arbitrary laser pulse [7]:
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Table 3.1: Relevant TALIF signal nomenclature [7].
Symbol

Meaning

A
Ap
C
E
f0
F (t)
Ga
Gp
G(2)
hν
L
ni
Ni
qe
Q
ηt
ηφ
(2)
σ12
σ̂ (2)
φ(ν)
Ω

Einstein coefficient
Laser beam cross-sectional area
Scaling factor
Energy distribution of the laser
population fraction of the ground state.
Laser pulse temporal profile
Pre-amp gain
Photomultiplier gain
Second order correlation function
Photon energy
Effective length of light collection system
Absolute number density of species "i"
ni per unit volume, per unit time
Electron charge
Collisional quenching parameter
Transmission of filters/windows
Photocathode quantum efficiency
2 photon transition cross-section
(2)
σ12 G(2)
lineshape function
Solid angle of optical collection system

Z ∞
Ω
Ga L σ̂ (2) N0 E 2
A
S(ν) =
f0 (T )φ(ν)ηt qe ηφ Gp
F 2 (t)dt
2
4π
C Ap (hν) (A + Q) −∞
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(3.1)

LIF is a useful spectroscopic technique because of its ability to probe the ground
state of a species [35]. The population of the ground state is typically high compared
to any possible excited states, so probing the ground state gives a better overall
indication of the flow. LIF measurements are point-wise, not integrated line of sight,
and are taken at the intersection of the laser and detector view. Figure 3.1 shows
the setup from a front and side view for LIF in the ICP torch. Measurements can
be taken anywhere along the laser path as long as the collection point moves the
same amount as the optics for the laser. This ensures that the focusing of the beam
remains the same wherever measurements are taken.

(a)

(b)

Figure 3.1: Schematic portraying plasma jet with laser path and collection optics geometry.

3.2

Laser Configuration

The UVM ICP Facility is home to a Continuum Powerlite Nd:YAG (neodiniumdoped yttrium aluminum garnet) laser as well as a Continuum ND6000 dye laser,
shown in Figure 3.2. The Nd:YAG laser pumps 532 nm light into the dye laser. The
dye laser is able to produce a range of dye-dependent wavelengths ranging from 615
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to greater than 655 nm. Following the dye laser is a series of harmonic instruments
which produce a final wavelength range between 224 to 230 nm if the sum frequency
mixing (SFM) method is used.

Figure 3.2: General laser configuration used for sum frequency mixing.

This method was recently developed for generating UV light and allows for a
greater range of tuning using a single dye, which makes changing between probing
for oxygen atoms to CO extremely easy and fast. A change can now be done in
minutes without having to shut down the entire laser system instead of having to
take the time to prep dye in advance, turn the laser system off, and go through a dye
change procedure that is timely and carries with it more risk of possible mistakes.
There is also a resolution improvement using this method, allowing for more precise
measurements. Because of this both species can be probed during a single test [36,37].
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For this method, 532 nm light pumps the dye laser. 355 nm light is extracted from
the YAG using a third harmonic generator located inside the YAG. Both of these
frequencies are extracted from the fundamental frequency which is 1064 nm. The 355
nm light bypasses the dye laser and is mixed with the dye fundamental frequency
before entering the third harmonic generator. Equations 3.2 and 3.3 shows how the
dye fundamental and 355 nm light is mixed. For the oxygen atom transition, a
dye fundamental wavelength of about 621 nm is used and the CO transition uses
a dye fundamental wavelength of about 655 nm. The details of the transitions are
described in a later section. A harmonic separator uses prisms to separate out each of
the frequencies leaving UV light in the 224 to 230 nm range. This is shown in Figure
3.3. An 80/20 beam splitter than splits the laser beam into two paths. The first
of the paths reaches the Microwave Discharge Flow Reactor (MDFR) where baseline
measurements are made with a photo-multiplier tube (PMT) and energy meter. The
second path is directed into the inductively coupled plasma chamber and through the
plasma jet. Another photo-multiplier tube and energy meter take measurements at
this location.

νSF M = νDF + ν355 =

1



λSF M =

λDF

+

1
λSF M

1
λ355

(3.2)

−1

(3.3)

where νSF M is the sum frequency mixed wavenumber, νDF is the dye fundamental
wavenumber, ν355 is the 355 nm wavelength converted to wavenumber, λSF M is the
sum frequency mixed wavelength in nm, λDF is the dye fundamental wavelength in
nm, and λ355 is the 355 nm wavelength.
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Figure 3.3: Overhead picture view of YAG laser, dye laser, and subsequent optical components.

3.2.1

Microwave Discharge Flow Reactor

The MDFR is used for baseline measurements and aids in the determination of
temperature and number density in the ICP torch. Microwave reactors allow for
reactions to occur quickly and mitigate the number of possible side reactions by
keeping strict conditions. The temperature is kept constant and is known to be room
temperature. They also yield a high reactant number making is easier to excite the
present species.
For the purpose of this work, only CO2 was used as the input gas to the reactor.
This allowed for dissociation from the microwave discharge into CO and oxygen atoms.
The same conditions were used to probe both CO and oxygen atom. Section 3.7
discusses how the relative number densities of both species were determined. Without
any changes to the setup either of these species could be probed, making for fast
changes between tests without having to change conditions. The bottle used for the
MDFR is the same one that supplies the ICP torch. A T-valve picks off some of the
flow and a mass flow controller dictates the pressure in the MDFR.
Components of the MDFR are shown in Figure 3.4. As the gas enters the MDFR
(4), a microwave discharge (7) causes dissociation of the CO2 . The CO and oxygen
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atoms travel across the tube and turn down towards the collection point (3). A PMT
captures emission at the collection point (2). By the time they reach the excitation
area the gas has cooled to room temperature. The laser travels perpendicular to
the flow (1) and its energy is recorded with a molectron (6). After excitation and
emission, the gas continues to travel downwards and is exhausted from the MDFR
by a vacuum pump (5).

Figure 3.4: Microwave Discharge Flow Reactor. 1) Laser Path 2) PMT Path 3) Collection
Point 4) Gas Inlet 5) Exhaust 6) Molectron 7) Microwave Power

The MDFR is made up of fused silica glass with components held together with
Torr SealTM . While taking scans it was found that a constant background emission
was observed in the flow reactor throughout the entire bandhead of CO. Moving the
PMT closer to the paste increased the signal, likely due to the diffusive nature of
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the laser light passing through the paste. Zhou determined that Nd:YAG lasers in a
vacuum can produce emission from fused silica through point defects in the glass [5].
A peak in the emission occurs at 451 nm, shown in Figure 3.5. This background is
measured and subtracted from scans.

Figure 3.5: Emission measurements from an Nd:YAG laser on point defects of fused silica
glass [5].

3.3

Excitation Schemes

The wavelengths which are attainable through the methods described above are
used to excite specific excitation transitions for numerous species in the UVM ICP
Facility. Excitation states were chosen that have already been extensively studied,
would match well with the wavelength output of the laser, provide as clear a resolution
as possible, and probe from a state which is highly populated. The following sections
provide specific details on the excitation schemes used in this work.

3.3.1

Oxygen Atom

The oxygen atom transition excites from the 2p3 P2 ground state to the 3p3 P2,1,0
excited state at 225.6 nm and relaxes to the 3s3 S state with emission at 844.9 nm,
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shown in Figure 3.6. This transition is a hyperfine triplet state with three rotational
levels spaced very close together. The J 00 = 2 state is typically the specific energy
level measured.

Figure 3.6: Oxygen atom excitation scheme and energy levels.

A typical scan is shown in Figure 3.7 with the flow reactor signal in the top plot and
the ICP signal in the bottom plot. The hyperfine triplet state is more distinct in the
flow reactor scan due to the lower temperature and decreased doppler broadening.
The dotted black lines indicate each of the rotational features in the triplet state.
The doppler broadening in the ICP scan causes the resolution of the triplet state to
disappear and the wings to broaden much further than in the flow reactor scan.

39

Figure 3.7: O-atom scan with energy normalized signal in the MDFR and ICP.

3.3.2

CO B-X(0,0)

The CO excitation occurs from the X 1 Σ+ (v 00 = 0) ground state to the B 1 Σ+ (v 0 =
0) state at 230 nm. The excited state emits at 451 nm to the A1 Π(v 00 = 0) state,
this is known as the (0,0) band and is shown in Figure 3.8. There are multiple
closely spaced vibrational levels for emission so a narrow bandwidth filter is used
to block these other wavelengths. Transitions near the bandhead are more closely
spaced than further from the bandhead. Lower temperatures also produce higher
populated states near the bandhead but as temperatures increase higher rotational
transitions become more populated as governed by the Boltzmann distribution, as
shown in Figure 3.9, which is a model developed using a Gaussian lineshape from
a set of constants, where populated rotational line contributions are all summed to
determine the entire bandhead [38].
This model was utilized to determine a suitable location to try and take scans.
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Since scans will be done at high and low temperatures and the population distribution
changes as temperature changes, an optimal rotational transition needed to be chosen
so that there was a high enough population in the flow reactor and good zeroing at
the wings, as well as a good population in the ICP while having transitions that are
still far enough apart so that they do not blend in to each other too much. The model
was sufficient to determine a good starting location and scans were conducted after at
different locations in the flow reactor and ICP to qualitatively determine the optimal
rotational transition to scan.

Figure 3.8: CO excitation scheme and energy levels.

(a)

(b)

Figure 3.9: a) CO model at 273 K. b) CO model at 4500 K
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Scans were conducted with the same scan rate as O-atom, where each scan took
100 seconds to complete at a rate of 0.0006 nm/s. If scanning through the entire
bandhead, which was done before testing began to locate the correct transition, scan
parameters were changed to 0.0008 nm/s and 4000 bins were recorded which allowed
for a wide enough scan to record the first rotational transition all the way to the
21st rotational transition. The scans were centered at the J 00 = 20 transition and
the scan was wide enough to include a neighboring transition on either side of the
center transition. The ICP scan in Figure 3.10 displays a dotted blue line which
indicates each individual transition. It is shown that the transitions blend in to each
other at the tails. At higher temperatures the blending increases. Because of this,
the surrounding transitions must be summed in the gaussian fit to account for the
blending of the tails so as to get an accurate measurement of the full width half max
value of the lineshape. It should be noted that the wings of the flow reactor scan
reach a baseline of zero on both sides of the transition, where the model shows that
the baseline is not quite zero in the red direction and is different in the blue direction.
This is because the model is not yet a reliable representation of the true characteristics
that are being observed in the flow reactor and ICP Torch. Refinement is needed to
use the model as a direct comparison, but for the purposes of qualitative analyses it
is sufficient.
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Figure 3.10: CO scan with energy normalized signal in the MDFR and ICP.

3.4

Fluorescence Lifetime and Collisional
Quenching

When an atom or molecule is excited to an upper energy state, it spontaneously
returns back down to a lower energy state. This change in states is not instantaneous
however, and is typically nanoseconds in duration. This amount of time affects the
signal emitted from the decaying particle, and therefore will change the integrated
area of the signal and thus the number density measurement. Lifetimes are dependent
on the Einstein A coefficient A21 , representing the emission from the upper to the
lower state [39]. Other mechanisms may also contribute to the decay of the upper
state. Most notably is collisional quenching (Q), which is governed by temperature
and pressure. As temperature and pressure rise there is a higher likelihood of collisions
occurring. These collisions are a mechanism for de-excitation of excited particles.
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With quenching considered the radiative lifetime of a particle is shown:

τ=

1
A21 + Q

(3.4)

Traces are captured and averaged on an oscilloscope with about 200 laser pulses
averaged. The wavelength is kept constant on the peak of the transition. Two methods
of determining the lifetime were used. The first is a typical exponential decay fit
between 10%-90% of the peak intensity, shown in the lower plot of Figure 3.11, and
represented as:

Iexp = I0 ∗ e

−τ t

(3.5)

obs

where Iexp is the signal intensity, I0 is the baseline intensity, t is time, and τobs is the
observed lifetime.
The other method used was a convolution of the exponential decay with the gaussian laser pulse. This is shown in the upper plot of Figure 3.11 and is represented
as:
t−t0
obs

−τ

Iconv = e

"

∗ 1 + erf

t − t0 σlaser /2
−
σlaser
τobs

!#

(3.6)

where Iconv is the signal intensity, t0 is the center of the laser pulse, and σlaser is an
approximation of the laser pulse width in ns.
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Figure 3.11: Exponential and convolved lifetime fit in the ICP Torch.

Collisional quenching is an important role in this work due to the high temperatures in the ICP. Pressure is held constant but in a boundary layer scan the
temperature gradient is large close to the surface. Previous studies in the UVM ICP
Facility have shown a T 0.5 fit matched best to measured LIF signals [37, 40].
Moving towards a sample surface, temperature decreases and therefore overall
number density will increase. Quenching will decrease as there are less collisions but
the increase in number density causes an overall decrease in lifetimes. Figure 3.12
shows this trend with O-atom lifetime measurements. However, it is also shown that
CO did not exhibit this behavior. Throughout the boundary layer scan CO remained
fairly constant, meaning that quenching may not be occurring for the CO molecule
as it does for the oxygen molecules. For this reason collisional quenching will not be
included in relative number density measurements for CO, but it will be included in
relative number density measurements for oxygen atom.
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Figure 3.12: Exponential and convolved lifetime measurements for O-atom and CO at varying distances from a sample surface.

3.5

Lab Improvements from Previous
Work

A previous study of surface catalysis using oxygen atom and CO was done in
the UVM ICP Facility but had lower resolution due to equipment limitations at the
time [6]. A dual-grating installed in the dye laser has allowed for much more finetuning in scans and SFM allows for more resolution in transition structures that
are close together in wavelength. A comparison between scans done previously and
current scans are shown in Figure 3.13. Previous O-atom scans did not have the
resolution necessary to capture the separate transitions, so the flow reactor scans
looked like one single transition whereas now flow reactor scans more clearly show
the triplet structure. The first rotational feature does not currently match well with
between the data and the fit. The reason for this is currently unknown but this
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feature is not used in the calculations, so it does not affect the quantitative data. CO
scans are especially improved as the individual rotational transitions are much more
distinguishable than in the past.

(a)

(b)

(c)

(d)

Figure 3.13: a) Previous O-atom scan. b) Current O-atom scan. c) Previous CO bandhead
scan. d) Current CO bandhead scan.

The results from the boundary layer scans are shown in Figure 3.14. There were a
limited number of scans performed for the survey, especially for CO. The temperature
measurements do, however, match well. The oxygen atom relative number density
suggests that molecular oxygen recombination is occurring close to the surface. CO2
recombination does not appear to be occurring based on this data, as the relative
number density does not show a trend in any one direction.
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(a)

(b)

(c)

Figure 3.14: a) Previous temperature measurements of oxygen atom and CO over a water
cooled copper sample. b) Previous oxygen atom relative number density measurements over
a water cooled copper sample. c) Previous CO relative number density measurements over
a water cooled copper sample [6].

3.6

Surface Location

During a boundary layer scan the sample surface needs to be located relative to
the laser beam. This is an important aspect of the scans because the reaction rates
can be compared to the distance from the surface the scan was taken and scans where
the laser beam was clipped on the surface of the sample are not currently reliable for
certain measurements due to the unknown loss of energy. Determining the surface
location is done using the ratio of beam energies measured with molectrons located
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after the flow reactor and ICP. Beam clipping is apparent when the ratio begins to
drop suddenly, shown in Figure 3.15 and indicated with a dotted red line. This specific
plot was from a CO boundary layer survey over platinum. A linear fit is implemented
over the clipped data points. The 50% value between no clipping, which is the mean
of the non clipped points, and 0 (fully blocked) is determined to be where the sample
surface is located. Twice the distance from the sample surface to the onset of blocking
is determined to be the beam diameter. Section 4.3 shows measured beam diameters
for all relevant boundary layer surveys.

Figure 3.15: Method for determining sample surface location using beam energy ratio at
MDFR and ICP.

3.7

Temperature and Relative Number
Density

A gaussian fit is implemented to each scan as collisional broadening is assumed
to be negligible due to low pressures in the flow reactor and high temperatures in
the ICP. If this was not the case a Lorentzian line shape would need to be accounted
for and a Voigt fit would need to be implemented. These gaussian fits are shown in
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Figures 3.7 and 3.10.
As the wavelength passes through the transition and excites the atoms or molecules,
the PMT’s capture the emission from the fluorescence. Figure 3.9 shows how the
transitions broaden as temperature increases. The broadening from temperature is
known as Doppler broadening. The other mechanism causing broadening is the laser
linewidth, which is the frequency span of the laser output. The two are related in that
the square of the total spectral broadening contribution at each location is equal to
the sum of the doppler broadening and laser linewidth each squared, since both are a
gaussian shape. This occurs at the transition resonant wave number in the VUV [41].

(∆ν̂tot )2 = (∆ν̂D )2 + 2(∆ν̂laser )2

(3.7)

Doppler broadening is derived from kinetic theory and can be described with Eq.
3.8:
q

∆ν̂D = 7.162(10)−7 ν̂0 T /M

(3.8)

where ∆ν̂tot is the total linewidth, the constant 7.162(10)−7 is in units of cm−1 , ∆ν̂D
is the doppler width, ∆ν̂laser is the laser linewidth, ν̂0 is the center wave number, T
is temperature, and M is the molar mass. Relating Eq. 3.7 and 3.8 produces Eq. 3.9
in the ICP:

TICP =

h

i
M
2
2
2
(∆ν̂
)
−
(∆ν̂
)
−
(∆ν̂
)
tot,ICP
tot,F R
D,F R
(ν̂0 7.162(10)−7 )2

(3.9)

The relative number density is proportional to the spectral integral of the normalized LIF signal [42]:
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n∝

Z

SLIF
p
(λ)dλ × 1/2
2
Ep
T

!

× fi (T )−1 = A × fi (T )−1

(3.10)

where SLIF /Ep2 is the LIF signal normalized by the square of the laser energy and
p/T 1/2 accounts for collisional quenching. However, since collisional quenching is
shown not to occur for CO excitation from fluorescence lifetime measurements this
parameter is omitted for CO number density measurements. The Boltzmann fraction
fi (T )−1 , is dependent on the species and is a temperature correction term as the
population of atoms or molecules in each state depend on the temperature. For
O-atom the hyper-fine triplet ground-state must be corrected for and in CO there
are a number of rotational states within the vibrational band that is being scanned
through. The Boltzmann fraction is used to determine the temperature correction
needed for the J 00 = 2 transition in oxygen [43]:
5



fO (T ) =



(3.11)

5 + 3e−228.75/T + e−326.59/T

as well as for the distribution of molecules among rotational energy levels for a heteronuclear molecule.
θR
θR
fCO (T ) = (2J + 1) exp −J(J + 1)
T
T

3.8

!

(3.12)

Laser linewidth Study

The laser linewidth is an important parameter when determining the temperature
from the above described method. It is essentially a performance parameter of the
laser and constitutes the spread of the set frequency. To obtain the laser linewidth,
the full width half max (FWHM) of the gaussian lineshape is determined:
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 √

∆λtot,F R = δF R 2 ln2

(3.13)

where δF R is the standard deviation in the flow reactor found by iterating through the
gaussian equation. This is the total width of the lineshape where the laser linewidth
constitutes a portion of this total width.
The method of sum frequency mixing described earlier is non-linear. Because of
this the two photon wavelength must be calculated as a function of the dye fundamental and the 355 nm beam.

λ2p =

107 nm/cm
28226.6 cm−1 + ν̂DF

(3.14)

The total width must be converted from wavelength to wavenumber as well as
from a 2-photon to 1-photon process.

∆ν̂2p−tot,F R =

∆λtot,F R (107 )
λ20

∆ν̂tot,F R = 2 ∗ ∆ν̂2p−tot,F R

(3.15)

(3.16)

With the assumption that the broadening of the total linewidth is solely due to
thermal (doppler) broadening and the laser linewidth, since collisional broadening is
ignored at low pressures and high temperatures, the total width is simply the sum of
the doppler width and laser linewidth, along with an added constant of two to account
for the two photon process. Eq. 3.7 is rearranged to solve for the laser linewidth:
s

∆ν̂laser =

(∆ν̂tot,F R )2 − (∆ν̂D,F R )2
2

(3.17)

where the doppler width is known through Eq. 3.8 since the flow reactor is at room
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temperature.
From the non-linear relationship of Eq. 3.14 there is difference in scan widths between O-atom and CO, which is about 0.16 cm−1 . Because of this the laser linewidths
fundamentally cannot be equal, and must have a minimum difference between them.
This minimum difference is about 0.03 cm−1 .
This theoretical minimum difference between laser linewidths would be ideal, however, there is a larger difference in the average linewidths. The average laser linewidth
for all the data used in this study is 0.12 cm−1 for CO and 0.20 cm−1 for O-atom.
This is a difference of 0.08 cm−1 . If the minimum difference is accounted for of 0.03
cm−1 , there is still a gap of 0.05 cm−1 that is unaccounted for. This is a significant
28% difference. Figure 3.16 shows the difference in total widths between CO and Oatom. The lines are gaussian fits which were implemented to scan data, and the scan
data has been taken out of the plot for easier viewing. The black line indicates a CO
flow reactor scan and the red line indicates an O-atom scan in the flow reactor. The
dotted blue line shows each of the three features in the triplet hyper-fine structure of
the O-atom transition. The total widths of each transition are shown with vertical
lines, where the width of the O-atom transition is easily seen to be wider than the
CO transition.
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Figure 3.16: O-atom and CO flow reactor scans centered on the same wavelength.

The cause of this difference is currently unknown, so further investigation is needed
to determine the reason for this difference in laser linewidths. Unknown line broadening mechanisms from the dissociation of CO2 in the microwave discharge may be the
cause. To check this, a pure CO gas could be used in the flow reactor which would
eliminate the need for the microwave discharge.

3.9

Catalytic Reaction Rate Efficiency

The temperature, relative number density, and surface location determination
methods described above are used to determine catalytic reaction rates and efficiencies
at the surface of a material using relative reacting specie mole fractions. The approach
follows Goulard’s mass balance at a catalytic wall [44], where the diffusive atom flux
arriving at the surface balances the rate-dependent loss of atoms consumed from the
surface reactions. This approach has been used previously in the UVM ICP Facility
for various investigations [42,45,46]. Surface catalyzed recombination conserves mass
between the reacting species and the recombination, and since the arriving diffusive
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flux is balanced by the rate of atom consumption by the recombination reaction the
diffusive flux can be written as:
Diw
kw =
χiw

∂ χi
∂y

!

(3.18)
w

where kw is the reaction rate at the wall, Diw is the diffusion coefficient at the wall,
χiw is the mole fraction at the wall, and



∂χi
∂y


w

is the near-wall molecular or atomic

mole fraction gradient. Using the relative number density the same relation can be
rewritten as:
Diw
kw =
χ̂iw

∂χ̂i
∂y

!

(3.19)
w

This equation uses three variables; the atomic or molecular diffusion coefficient
at the wall, the relative specie mole fraction at the wall, and the near-wall atomic or
molecular mole fraction gradient, to assess surface catalyzed reaction rate coefficients.
The diffusion coefficient is needed to determine how O and CO interact with each
other [47]:

D = D0

p0
p

!

T
T0

1.841

(3.20)

where D0 = 0.27cm2 · s−1 at reference conditions of 298 K and 760 Torr. This diffusion
coefficient is for an Oxygen-Argon mixture, which is similar to the mixture of this
work, but there has not been success in finding a diffusion coefficient for an O-CO or
CO-O mixture which consists of two polar species diffusing through each other.
From the temperature values obtained during a boundary layer survey a temperature fit can be applied. An example is shown in Figure 3.17. The fit is used due
to the uncertainty in the temperature measurements. The catalytic reaction rate efficiency is ultimately calculated using the fit temperatures rather than the measured
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temperatures. The fit used is a two-component exponential growth model shown in
Eq. 3.21. This model is not physical but provides a good fit to the temperature trend:
−y
1 − exp
B2



T = Tsurf + B1







+ B3

−y
1 − exp
B4




(3.21)

where Bi represents the fit parameters and y represents the distance from the sample
surface. From the temperature fit, the number density distribution can be calculated:

nf it (y) =

pstatic
kB Tf it (y)

(3.22)

where pstatic is the chamber pressure and kB is the Boltzmann constant (1.3806 ×
10−23 m2 · kg · s−2 · J · K−1 ).

Figure 3.17: Example of temperature fit used to calculate surface catalyzed reaction efficiency
over a metallic surface.

The relative atomic or molecular mole fraction is found from the integrated area,
temperature fit, and number density distribution of each scan in the boundary layer
survey. It is normalized by free-stream conditions at approximately 3 mm from the
sample surface.
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χ̂i (y) =

A × fi (T )−1 /nf it (y)
A(3mm) × fi (T )−1 /nf it (3mm)

(3.23)

Finally, the catalyzed reaction efficiency can be determined which represents the
ratio of atoms recombined at the surface to the number arriving:

γi = q

kwi

(3.24)

RTw /2πMi

where R is the universal gas constant (8.3144598J · K−1 · mol−1 ) and Mi is the molar
mass (kg · mol−1 ).
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Chapter 4
Results and Discussion
4.1

Radial Free Stream Temperature
Surveys

Before boundary layer scans could be done, a reliable method for CO temperature
scans needed to be obtained. CO scans had not been done using the SFM method
described earlier up to this point, so new code needed to be written to produce
temperatures that should agree with O-atom temperatures. O-atom is considered to
be a reliable method of temperature measurement as it has been utilized many times
with the same SFM method, and has produced consistent results.
A series of free stream radial temperature scans were conducted and are shown
in Figure 4.1. The objective of these tests were to produce repeatable measurements
that agreed with the accepted O-atom measurements, as well as to determine an
optimal Argon-CO2 mixture. Argon is an inert gas that does not react with any of
the other species in the flow. It also acts as a good coupler allowing the facility to
operate in a stable condition and for a longer period of time.
Measurements were made at the center of the plasma jet, the edge of the plasma
58

jet, and various points in between. The center of the jet should be the hottest and
the edge should be the coolest.
Figure 4.1a shows multiple scans performed on different days and with different
gas mixtures, whereas Figure 4.1b, 4.1c, and 4.1d show scans done with only the
same gas mixture. This is important because different mixtures will produce different temperatures. Because Argon is a good coupler, it produces a high temperature
plasma compared to CO2 . The more Argon in the flow, the hotter the overall plasma
should be. Also, the facility runs different on some days compared to others. Over
time, general conditions of the facility will change and could produce slightly different temperatures even when all the variables are held the same. The laser linewidth
contribution to the line broadening causes a large uncertainty in temperature measurements of about ± 400 K for O-atom and ± 500 K for CO. O-atom is slightly
better as the DCM dye is optimized for a wavelength closer to the line-center of Oatom. Also, SFM produces a narrower laser linewidth than the previous method of
frequency tripling. The blending of the wings in the CO scans also contributes to
more uncertainty and CO is generally more noisy than the O-atom scans. Uncertainties were determined using two methods. The first determined a FWHM with a
set temperature above and below the measured temperature. A gaussian was made
using these calculated total widths and plotted with the real fitted gaussian to see
if the widths matched well to the signal noise. If the noise was substantially outside
of the bounds of the area within the gaussian curves, the uncertainty was higher.
This was done to determine a minimum temperature uncertainty range. The other
method consisted of only using every n points of data to make the gaussian fit, and
determining how close the average temperature from all of the fits was to the original
measured temperature and what the standard deviation was between them. Previous
uncertainties from past work were also taken into account.
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(a)

(b)

(c)

(d)

Figure 4.1: Radial temperatures in a CO2 plasma. a) Varying Mixtures b) 23 slpm CO2 c)
12 slpm CO2 / 20 slpm Ar d) 21 slpm CO2 / 5 slpm Ar

With these uncertainties taken into account, the temperature values measured for
both O-atom and CO match reasonably well. High temperatures at the center of the
jet trend downwards towards the edge, as expected. A higher Argon mixture case
also produced higher temperatures.
From these various testing cases, an ideal gas mixture was also determined, which
was a qualitative decision. While performing these tests, it was found that on average
a mixture of about 5 slpm (0.139 g/s) Argon and 21 slpm (0.686 g/s) CO2 was an
ideal case because it generally produced longer run times in the facility and also
made detecting the CO B-X transition and O-atom transition easier, as Argon caused
background noise that made it difficult to see the signal in the ICP. With confidence
in temperature measurements, catalytic boundary condition surveys were attempted.
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4.2

Preliminary Cold-Wall Heat Flux
Testing

With the optimal flow rate of 21 slpm (0.686 g/s) of CO2 and 5 slpm (0.139 g/s)
of Ar decided, the cold-wall heat flux is determined to characterize the flow condition.
Heat flux testing is one of the easier tests performed in the lab and only takes a few
seconds to complete. Because of this it is a good candidate for repeatability testing.
The heat flux will vary depending on the catalycity of the material used for the test,
as a catalytic material will promote exothermic recombination and will further heat
the sample surface.
Heat flux testing is based on energy conservation in high-enthalpy flows. As the
flow reaches the surface it will experience a decrease in energy which is transferred to
the sample. The main energy transport processes which occur in a sub-sonic facility
such as the UVM ICP Facility are convection, recombination, conduction, and reradiation from the surface of the sample [48].
The material used for cold-wall heat flux testing is copper, which as discussed
previously is a catalytic material and will cause a higher heat flux to the surface
than a non-catalytic material. A probe is inserted into the flow for a few seconds,
where a copper slug at the center of a copper sample is perpendicular to the flow. A
thermocouple is attached to the back of the slug so the surface temperature can be
measured on the back face of the slug. The temperature is recorded from just before
insertion of the probe and than for a period of time after the probe is taken out of
the flow to determine the heat loss rate, as there is some loss to the surrounding
material. 1-D heat flux is assumed through the slug which allows for a simple heat
flux equation to be used:
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q̇ = ρCu cCu Lslug

dT
dT
|rise −
|loss
dt
dt

!

(4.1)

where the heat flux is a function of density where ρCu = 8.96 g/cm3 , specific heat
where cCu = 0.386 J/gK, length of the slug where Lslug = 1.3 cm. The rise and
decay of the heat flux is shown in Figure 4.2. The temperature rises quickly when
the probe is inserted into the flow and takes considerably more time to cool off after
being removed from the flow.

Figure 4.2: Heat flux test showing sample insertion and removal. Circles indicate areas
used for 1-D heat flux calculations.

Multiple tests were performed and are shown in Table 4.1. The average heat
flux was determined to be 121.7

h

W
cm2

i

. The test results indicate a steady flow over

time. They also indicate a higher than expected heat flux. However, these results are
preliminary and more careful testing should be undertaken.
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Table 4.1: Heat flux results.
Test

4.3

Heat Flux

a

123

b

123

c

119

h

W
cm2

i

Boundary Layer Surveys

Boundary layer surveys consist of taking TALIF scans at various points in front
of a sample surface to detect number densities of atomic or molecular species. For
this work, a survey was taken ahead of a water cooled copper sample. One of the
samples was pure copper and another had a thin coating of platinum on the front
surface, which was described in section 2.2. Copper is known to be a catalytic material
that allows for the O + O → O2 reaction. Platinum is also a catalytic material and
promotes the recombination of CO. Measurements were taken along the stagnation
streamline of the flow from the surface of the sample to about 4 mm, depending on the
test. Figure 4.3 shows temperature measurements of the various tests using different
species and materials. The grey box on the left represents the sample surface. Some
of the temperature measurements appear to be behind the sample surface. This is
because the center of the beam was beyond the sample surface, but some portion of
the beam was still passing ahead of the sample. Temperature values rise from the
sample surface to about 1.5 mm where they quickly flatten to a freestream condition.
The oxygen atom test taken on 7/9/21 appears to be abnormally high due to slight
saturation of the photomultiplier tubes which was discovered after the test. However,
as shown later this did not appear to have a significant effect on the relative mole
fraction.
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Figure 4.3: Temperature values in various boundary layer surveys in a CO2 Plasma.

Another important aspect of these tests is to establish correct two-photon scaling.
Because there are two photons being excited by the laser frequency and subsequently
emitting, the signal from the PMT should be proportional to the square of the laser
energy. If this is not the case, it is a sign that there may be unwanted further
ionization or dissociation within the probe volume from excess laser fluence. Figure
4.4 shows the two-photon scaling in the MDFR. A number of fused silica windows
were placed in the path of the laser to vary the fluence downstream. A exponent of
1.96 indicates that good two-photon scaling is occurring.
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Figure 4.4: Two-photon scaling in the MDFR with an exponent of 1.96 scaling.

Figure 4.5 shows relative number density measurements normalized in the free
stream about 3 mm from the surface as well as the total number density trend of the
flow. The test done on 5/11/21 was a preliminary test to determine the feasibility of
using CO for boundary layer scans in a predominantly CO2 plasma, so the resolution
is not very good and many of the equipment settings were set on the fly during
the test as there was no way to know what the signal strength was going to be
beforehand. The test done on 7/9/21 and 7/16/21 were the second iteration of the
same tests done on 5/11/21 but with an attempt to get better resolution and signal
to noise. The platinum test was done only with CO due to the the platinum sample
rapidly deteriorating from an unknown process, possibly oxidation, and the CO2 gas
bottle running out. Overall, the oxygen atom scans show a slight decreasing trend
towards the surface and the CO scans show a slight increasing trend towards the
surface. This holds to the hypothesis that O2 is forming because as the temperature
decreases towards the surface, the number density of the species in the flow as a
whole will all increase, as shown with the solid line. Since it appears that the oxygen
is being depleted this indicates that O2 may be forming. For the same reason, it is
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not surprising that CO has a rise in number density towards the surface following the
total flow. Since CO follows the total flow, there is little indication of CO2 formation
as CO would have to deplete along with O-atom. Clipping points will be shown in
later figures but it is of note that in each of these tests, clipping of the beam occurred
at some point above the surface with multiple scans being clipped. This is necessary
to find the surface location as discussed earlier but these points cannot be used in the
calculation of the reaction efficiency because there is no way to determine the true
loss of energy from the clipping. The beam is not perfectly gaussian and there is also
beam steering from the surface of the sample. If the exact amount of energy loss was
known than the change in signal could be accounted for, but since this is not the case
these measurements are not useful for reaction rate efficiency measurements.

Figure 4.5: Relative number density in various boundary layer surveys normalized in free
stream conditions at about 3 mm.

Section 3.6 described the importance of determining the location of the beam relative to the sample surface and how the diameter of the beam relates to measurements.
For all boundary layer surveys, the beam diameter was recorded and is shown in Table
4.2. For O-atom the beam diameter was able to be reduced from the preliminary test
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by more than half, from 1.7 mm to 0.6 mm, without reducing the signal intensity too
much. This drastically increased spatial resolution in the boundary layer survey. The
first CO survey had a diameter of 0.7 mm. CO signal intensity was much less than
O-atom and it was determined that more signal was needed, so the beam diameter
was increased to about 1 mm for future CO surveys. This increased signal to noise
and produced more reliable results.
Table 4.2: Beam diameter measurements for all relevant boundary layer survey testing.

4.3.1

Date

Species

Sample Material

Beam Diameter [mm]

5/11/2021

O-atom

Copper

1.7

5/11/2021

CO

Copper

0.7

7/9/2021

O-atom

Copper

0.6

7/16/2021

CO

Copper

1.1

7/21/2021

CO

Platinum

1.0

Copper

Oxygen Atom
Thus far a total of two different boundary layer scans have been done on a copper
surface using oxygen atom. As discussed above the first was a preliminary survey. All
temperature fits have a fixed surface temperature of 1100 K. This temperature was
determined with a pyrometer set in 1-color mode and an IR camera during a separate
test using a copper sample and an emissivity of 0.8. Calibration of the true emissivity
is needed in the future, but the measured temperature of 1100 K matches with the
TALIF temperature measurements shown in Figure 4.3. For the determination of
catalytic efficiencies, uncertainty in the surface temperature measurement was 50 K.
This encompassed the average surface temperature when the emissivity was changed
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±2 from 0.8. In Figure 4.6, the dotted blue line indicates the onset of beam clipping.
The relative number density has a decreasing trend towards the surface with a subsequent rise in relative number density after beam clipping. This is expected and is
the result of being unable to account for the change in beam energy. The uncertainty
in the relative number density measurements stem from the temperature uncertainty
described above where every nth point in the scan is used for a separate fit. A relative
number density is also calculated after the temperature where the deviation from the
calculations using every nth data point is compared to the calculations using every
data point in the scan. The number density from the temperature fit is calculated and
from this the relative mole fraction is calculated with a normalization at 3 mm. Due
to low resolution from this survey and less than optimal beam size, only two points
were used for the mole fraction gradient. For all boundary layer surveys only points
within about 1 mm were used for the mole fraction gradient to calculate the catalytic
efficiency. This preliminary survey showed that oxygen atom was being depleted near
the surface. Even though points within clipping and outside of 1 mm were not used
in the catalytic efficiency calculation, they further indicate oxygen atom depletion
towards the surface.
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(a)

(b)

(c)

(d)

Figure 4.6: Preliminary water-cooled copper O atom measurements in a CO2 plasma taken
on 5/11/2021. a) Temperature and fit. b) Number density from normalized integrated
area. c) Number density from temperature fit. d) Near-wall linear fit of relative atom mole
fraction.

Due to the low resolution of the first copper oxygen atom survey, a repeat of the
test was conducted. This is shown in Figure 4.7. A much better spatial resolution
was achieved and a smaller beam diameter allowed for clipping to occur closer to
the surface, so measurements closer to the surface could be used for the catalytic
efficiency calculation. Temperatures were slightly higher for this test but it was later
determined that there was slight saturation in the PMT at the torch, which causes
a higher than true temperature. The surface temperature was locked at 1100 K.
Relative number density shows a similar trend to the first survey with a decrease in
oxygen atom density towards the surface. Some of the points right before the 1 mm
distance from the surface were not used as there appeared to be some perturbation
in these scans. However the scan points surrounding those used in the mole fraction
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gradient again indicate further oxygen atom depletion towards the surface.

(a)

(b)

(c)

(d)

Figure 4.7: Second water-cooled copper O atom measurements in a CO2 plasma taken on
7/9/2021. a) Temperature and fit. b) Number density from normalized integrated area. c)
Number density from temperature fit. d) Near-wall linear fit of relative atom mole fraction.

Carbon Monoxide
During the oxygen atom boundary layer survey performed on 5/11/21 a CO
boundary layer survey was also performed directly after. As soon as the testing
began, it was apparent that the signal strength was very small for an unknown reason. It was difficult to determine the location of the beam because of this low signal
strength. The temperature fit matches the data well outside the beam clipping and
deviates slightly within the clipping zone. Contrary to oxygen atom scans, CO relative
number density increases towards the surface following the overall number density of
the flow, indicating that CO is not being depleted. Interestingly, relative mole fraction indicates a decrease in CO density towards the surface, which was not expected
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due to the number density results. However, due to the difficulty in setting up the
test and having very low signal, it was determined that another test with the same
conditions was necessary.

(a)

(b)

(c)

(d)

Figure 4.8: Preliminary water-cooled copper CO measurements in a CO2 plasma taken on
5/11/2021. a) Temperature and fit. b) Number density from normalized integrated area. c)
Number density from temperature fit. d) Near-wall linear fit of relative atom mole fraction.

Recently the UVM ICP Facility acquired fast response PMTs (Hamamatsu R9880u20) which did not use a gate. These PMTs were used for the preliminary boundary
layer surveys done on 5/11/21. It was determined that this was one main reason
for the poor signal strength during the first CO survey, along with the smaller beam
diameter described earlier. The PMTs were switched for the older Hamamatsu R636
models which are gated during the second CO survey, shown in Figure 4.9. The
signal strength was much higher using this PMT. Since the signal was visible on the
oscilloscope, setup for the scans was much easier and resulted in overall better scan
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quality. However, for optimal signal the beam diameter was increased. Temperature
measurements were almost the same between the two surveys, and relative number
density increased towards the surface, again indicating a slow reaction without recombination. This time, the relative mole fraction was much more indicative of a slow
CO recombination mechanism. The spread of the points is greater but the general
trend is flatter than the first CO survey. With more confidence in the integrity of this
test the flatter trend is more trusted and the first CO survey was deemed to likely be
irrelevant to use for a catalytic efficiency measurement.

(a)

(b)

(c)

(d)

Figure 4.9: Second water-cooled copper CO measurements in a CO2 plasma taken on
7/16/2021. a) Temperature and fit. b) Number density from normalized integrated area. c)
Number density from temperature fit. d) Near-wall linear fit of relative atom mole fraction.
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4.3.2

Platinum

Carbon Monoxide
The platinum used for this test is composed of a sputter coated copper sample
with a thin (∼10-15 nm) platinum coating on the surface. The platinum coating
extends to just beyond the rounded edge of the sample. Figure 2.6b showed the
platinum sample before the test. There are discernible streaks on the sample which
were determined to be scratches or gauges up to 1 micron in depth. It is likely that
there are some areas on the surface that have a thicker coating of platinum than
other areas. There also may be scratches that have caused the copper underneath
the coating to be visible.
The setup for this test was exactly the same as with the previous CO surveys
over copper, although it was unknown what would happen with the sample so an
attempt was made to begin taking scans as soon as the facility conditions were met.
This is also the reason that O-atom scans were not conducted over platinum. It
was determined starting with CO would be beneficial as it was the species of more
interest concerning platinum. The first attempt at beginning the test resulted in the
torch shutting itself off after about 30 seconds. The sample was able to be inserted
in this short time and there was a noticeable large increase in signal after insertion
with a quick drop in intensity soon after. Since the torch shut off, the next time
the test began a scan was started at the line center and the sample was inserted and
moved up and down to block the beam to see how the signal reacted. This is shown
in Figure 4.10. As the beam is blocked the molectron energy will decrease. The
decrease in temperature will cause the signal to increase due to the higher number
density of the species in the flow. The plot shows an increase in signal with a decrease
in molectron energy, where the spread of signal intensity is around 0.5 V of molectron
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energy. This could indicate that the platinum caused an increase in signal besides
the increase in signal from the temperature change, although it is not known if this
is the case. The signal decreased rapidly after insertion which may have indicated an
immediate change in the surface chemistry of the sample when exposed to the CO2
flow. Figure 4.11a shows the surface of the platinum sample in the CO2 flow. The
surface is quite obviously undergoing some change as there is an uneven color and
texture, possibly due to oxidation. Platinum oxide is black in color and could explain
the discoloration seen on the surface. Figure 4.11b shows the platinum sample taken
out of the chamber after the test. The surface shows a foggy film with thicker and
thinner portions of this film. Some portions seem to have no film and show directly
to the copper underneath around the edges where the temperature would be hotter.
There is also a large portion on the front surface where copper is clearly seen. Of
note is that the laser passed directly through part of this section, so the laser itself
may have begun a reaction on the surface which caused the platinum to wear away
more rapidly than elsewhere on the sample.

Figure 4.10: ICP PMT signal compared with ICP molectron energy with platinum sample
insertion and vertical movement.
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(a)

(b)

Figure 4.11: a) Platinum coated sample in CO2 flow displaying signs of deterioration. b)
Platinum coated sample post test image.

The temperature measurements shown in Figure 4.12 are similar to the pure copper sample with a temperature fit that has a fixed wall position at 1100 K. This is the
surface temperature that was measured for a copper sample using a 1-color pyrometer
and IR camera. A similar surface temperature test for the platinum sample could not
be undertaken for reasons described above so it was assumed that the surface temperature was the same as a copper sample. Relative number density measurements
are similar to the CO measurements on copper with an increase in number density
closer to the surface. Uncertainties in the relative number density are greater than
with the copper sample due to worse overall signal to noise of the scans. The test
also had many unforeseen shutdowns from the torch shutting itself off, so the sample
was subjected to more flow time than it would have if the test was done during one
run and the sample was heated and cooled causing expansion and contractions of the
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material. The small resolution in changes in distance from the surface coupled with
the possible movement of the sample from thermal expansion may have also increased
the uncertainty. This is apparent in the points directly before and after 2 mm where
a significant jump in relative number density and relative mole fraction appear. The
mole fraction gradient inside 1 mm is fairly flat indicating no significant change in CO
concentration near the surface. Platinum was expected to cause CO recombination
which would have been shown with a decreasing CO mole fraction near the surface
but the immediate surface reactions of the platinum after insertion and the current
unknown surface chemistry make it difficult to determine what the surface chemistry
was during the test.

(a)

(b)

(c)

(d)

Figure 4.12: Water-cooled copper sample with platinum surface coating CO measurements
in a CO2 plasma taken on 7/21/2021. a) Temperature and fit. b) Number density from
normalized integrated area. c) Number density from temperature fit. d) Near-wall linear fit
of relative atom mole fraction.
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4.3.3

Boundary Layer Survey Results

Figure 4.13 shows the relative mole fraction for each test. The first CO survey
done over copper on 5/11/21 was omitted due to the poor data. The relative mole
fraction is normalized at 3 mm. Figure 4.14 shows the relative mole fraction near
the wall as well as the mole gradient. Vertical lines to indicate beam clipping are not
presented in this plot to avoid crowding but points within the beam clipping zone are
not included in the mole gradient fit. The plot shows how well the two oxygen atom
surveys matched near the surface. This gives confidence that oxygen is recombining to
O2 on the copper surface. CO is fairly flat on both the copper and platinum surfaces.
This is expected for the copper surface but not for the platinum surface. The change
in the composition of the platinum surface is likely the reason for this.

Figure 4.13: Mole fraction gradient of varying sample materials in O-atom and CO in a
CO2 plasma.
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Figure 4.14: Near wall mole fraction gradient of varying sample materials in O-atom and
CO in a CO2 plasma.

Table 4.3 shows important calculations for each of the boundary layer surveys,
the most important being the reaction rate efficiency γi . Oxygen atom over a copper
surface showed a reaction efficiency of 5.8% on average, indicating a stronger reaction.
CO over a copper surface had a reaction efficiency of 1.1%, much lower than the
oxygen atom efficiency. The CO survey over a platinum surface resulted in a catalytic
efficiency of essentially 0, indicating there was no recombination occurring.
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Species/Surface Material
O-atom (Copper)
O-atom (Copper)
CO (Copper)
CO (Platinum)

Date
5/11/21
7/9/21
7/16/21
7/21/21

Tsurf , K
1100
1100
1100
1100

Tedge , K
4453
5435
5068
4661

(∂χˆi /∂y )w , mm−1
0.575
0.356
0.139
0.007

χ̂iw
0.4082
0.3419
0.7774
0.7826

Diw , cm2 /s
14.198
14.198
14.198
14.198

Table 4.3: O-atom and CO relevant data on copper and platinum surfaces.
kw , m/s
20.00
14.77
2.55
0.12

0.0663
0.0490
0.0112
0.0005

γi
±
±
±
±

0.0119
0.0088
0.0016
0.0004

Chapter 5
Summary and Conclusion
This work used spatially resolved TALIF measurements to first successfully establish a method for calculating accurate temperatures in a predominantly CO2 plasma
and to furthermore determine the surface catalytic efficiency of molecular oxygen
and carbon dioxide recombination reactions above a water cooled copper surface and
platinum surface for Martian atmospheric entry.
Results indicate that temperature measurements match with pre-verified measurements using oxygen atom with the same TALIF method. Relative number density
measurements show that oxygen is being depleted in the boundary layer as it deviates
from the overall number density trend, whereas CO does not appear to show depletion and follows the overall number density trend of the flow much more closely. For
boundary layer surveys, using the TALIF method with both the previously verified
oxygen atom technique and newly constructed CO technique, O2 recombination is
the dominant recombination reaction occurring near the surface of the copper sample
with a catalytic efficiency of 0.049 ± 0.0088 while CO2 recombination is minimal with
a catalytic efficiency of 0.0112 ± 0.0016. This supports Sepka’s model of a dominant
O2 recombination environment which has been the more prevalent model recently. A
super-catalytic boundary condition is not supported with these findings and instead
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a partially-catalytic model would be supported because of this, likely indicating that
TPS has been overbuilt in the past and available payload has been lost to unnecessary
heat shied mass.
These results may aid in the development of TPS with a more optimal mass
design. The results of the platinum boundary layer survey are less conclusive but did
indicate the possibility of CO2 recombination before the surface began to deteriorate,
as a spike in CO signal intensity was observed upon insertion of the sample into the
flow. What is likely platinum oxide quickly began to form on the surface of the sample
and the laser also seems to have interacted with the surface as platinum was eroded
away from the sample exposing copper where the laser passed over the surface.

5.1

Future Work

This work represented the beginning of the ability of the UVM Plasma Facility to
probe molecular carbon monoxide with satisfactory resolution and consistency. There
are a number of things that would likely either improve measurements taken for this
work or be natural extensions for further study. The laser linewidth discrepancy between oxygen atom and CO could be further investigated by obtaining a compressed
gas bottle of pure CO. This would eliminate any possibility of some contaminant
causing an issue with the microwave discharge and skewing the laser linewidth. Temperatures do match well now but further understanding of the physical processes
would be valuable. Changing the gas mixture to represent the Martian atmosphere
more closely could also be achieved and would further the accuracy of any results.
The preliminary cold-wall heat flux results showed a higher than expected heat flux
value, so further testing should be done to confirm and describe these results. Further study of quenching for CO could be carried out to improve the understanding of
collisional quenching and its effects on measurements.
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For boundary layer surveys there are a number of improvements that need to be
done to this work to provide more detailed and accurate results. The first is to determine an accurate emissivity to use for the 1-color pyrometer and IR measurements,
increasing the accuracy of the surface temperature measurement. An accurate diffusion coefficient will also improve the validity of the results if one can be determined
for an O-CO and CO-O mixture. A thicker platinum sample could greatly improve
the feasibility of a survey over a platinum surface. An improvement of signal to noise
during the tests would be useful in allowing the beam diameter to be minimized further, especially for CO scans, allowing for more useful data points to be used closer
to the surface of the sample. Other materials of varying catalycity would improve
the material database, some of which could be hot materials in which there is no
water cooling directly to the back face of the sample. Eventually, materials which are
specifically used for atmospheric entry could be tested to determine how they compare to reference materials. With these improvements, further testing on different
surfaces of varying catalycity values could be carried out and would greatly improve
the usefulness of this work.
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Appendix A - CEA Input and
Output Example

Figure 5.1: Input File for a CEA Analysis.
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Figure 5.2: Portion of an Output File for a CEA Analysis.
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Appendix B - Raw Data

Figure 5.3: Temperature data - 20201015
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Figure 5.4: Temperature data - 20201019

Figure 5.5: Temperature data - 20201102 O-atom
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Figure 5.6: Temperature data - 20201102

Figure 5.7: Temperature data - 20201104a
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Figure 5.8: Temperature data - 20201104b

Figure 5.9: Temperature data - 20210304
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Figure 5.10: Boundary layer data - 20210511 O-atom

Figure 5.11: Boundary layer data - 20210511 CO
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Figure 5.12: Boundary layer data - 20210709

Figure 5.13: Boundary layer data - 20210716
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Figure 5.14: Boundary layer data - 20210721
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